Designing a new operating room (OR) suite is a difficult process owing to the number of caregivers involved and because decision-making managers try to minimize the direct and indirect costs of operating the OR suite. In this study, we devised a computer simulation flow model to calculate, first, the minimum number of beds required in the postanesthesia care unit (PACU). In a second step, we evaluated the relationship between the global performance of the OR suite in terms of OR scheduling and number of staffed PACU beds and porters. We designed a mathematical model of OR scheduling. We then developed a computer simulation flow model of the OR suite. Both models were connected; the first one performed the input flows, and the second simulated the OR suite running. The simulations performed examined the number of beds in the PACU in an ideal situation or in the case of reduction in the number of porters. We then analyzed the variation of number of beds occupied per hour in the PACU when the time spent by patients in the PACU or the number of porters varied. The results highlighted the strong impact of the number of porters on the OR suite performance and particularly on PACU performances. (Anesth Analg 2003;96:1415-23) T he construction of new hospitals is an opportunity for managers and all participants of the operating room (OR) suite to be involved in the design of the surgical facilities, to question the organization and the construction of their OR scheduling, and moreover, to determine the labor and material resources required for OR efficiency. However, it is difficult to appropriately allocate health care resources. Hospital centers that are confronted with the problem of provisioning physical space, appropriate staffing, and equipment of new surgical facilities cannot use their own previous experience or that of other institutions because of the continuous evolution of medical practice and organization. There are no worldwide-accepted rules concerning the conditions of practice of anesthesia, but a number of recommendations are available, coming from different societies of anesthesiology around the world (1-3) . However, precise indications regarding the design of the postanesthesia care unit (PACU) are still lacking. In particular, the ratio of PACU beds to the number of surgical rooms is not clearly defined. In this context, our study deals with using a discrete event simulation for determining the number of PACU beds required. In addition, we used simulation to analyze the impact of the decrease in the number of porters in the OR with respect to the number of PACU bed requirements. We performed a study of sensitivity of the evolution of the hourly number of beds occupied in the PACU when the PACU length of stay varied or when the number of porters was reduced.
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Designing a new operating room (OR) suite is a difficult process owing to the number of caregivers involved and because decision-making managers try to minimize the direct and indirect costs of operating the OR suite. In this study, we devised a computer simulation flow model to calculate, first, the minimum number of beds required in the postanesthesia care unit (PACU).
In a second step, we evaluated the relationship between the global performance of the OR suite in terms of OR scheduling and number of staffed PACU beds and porters. We designed a mathematical model of OR scheduling. We then developed a computer simulation flow model of the OR suite. Both models were connected; the first one performed the input flows, and the second simulated the OR suite running. The simulations performed examined the number of beds in the PACU in an ideal situation or in the case of reduction in the number of porters. We then analyzed the variation of number of beds occupied per hour in the PACU when the time spent by patients in the PACU or the number of porters varied. The results highlighted the strong impact of the number of porters on the OR suite performance and particularly on PACU performances. T he construction of new hospitals is an opportunity for managers and all participants of the operating room (OR) suite to be involved in the design of the surgical facilities, to question the organization and the construction of their OR scheduling, and moreover, to determine the labor and material resources required for OR efficiency. However, it is difficult to appropriately allocate health care resources. Hospital centers that are confronted with the problem of provisioning physical space, appropriate staffing, and equipment of new surgical facilities cannot use their own previous experience or that of other institutions because of the continuous evolution of medical practice and organization. There are no worldwide-accepted rules concerning the conditions of practice of anesthesia, but a number of recommendations are available, coming from different societies of anesthesiology around the world (1) (2) (3) . However, precise indications regarding the design of the postanesthesia care unit (PACU) are still lacking. In particular, the ratio of PACU beds to the number of surgical rooms is not clearly defined. In this context, our study deals with using a discrete event simulation for determining the number of PACU beds required. In addition, we used simulation to analyze the impact of the decrease in the number of porters in the OR with respect to the number of PACU bed requirements. We performed a study of sensitivity of the evolution of the hourly number of beds occupied in the PACU when the PACU length of stay varied or when the number of porters was reduced.
Methods
The computer simulation to analyze and test the dynamic running of OR suites has been performed in sequential steps. First, a data set was selected, and then a mathematical model of planning was used on this data set; finally, computer flow simulations were performed allowing us to test several strategies (Fig. 1) .
All the procedural times and time periods used in this paper are in accordance, when available, with the Association of Anesthesia Clinical Directors Glossary of Terms (4) . The data used in this study came from the historical collection of the current OR suite and from the specifications for a future OR suite planned in our institution. The average duration of the surgical cases and range of case duration were calculated from historical data collection over the previous months. The number of cases per day to be performed was in accordance with the previsions of the new OR suite. The duration of the surgical case is the time between patient in room and patient out of room. In our institution, each surgical team had its own surgical program and dedicated rooms. The scientific literature regarding the statistical distribution of surgical case models suggests unanimously the use of log-normal distribution. Therefore, we modeled the set of elective surgical cases of a same surgical specialty by a random variable using a log-normal distribution law (5) whose variables are presented in Table 1 . We used a random variable to simulate the set of surgical case durations rather than actual data because this procedure allowed us to perform flow simulations that were independent of the sample of data chosen.
The model used the statistical data of surgical activity by specialty and per day to elaborate the elective OR schedule that was performed every day in the surgical suite. The elective OR-schedule strategy is based on open planning (open scheduling). For the open-scheduling strategy, an OR is open to every surgical specialty. Every surgeon can schedule his or her surgical cases for any workday. Every week the OR manager and one surgeon, by specialty, schedule the demands of the surgeons for an OR suite for the following week. The mathematical model must determine, for all elective surgical cases, the earliest start time and OR location. Therefore, it must be able to consider the constraints of OR running and to provide an OR schedule that maximizes the efficiency of ORsuite use. This OR schedule was developed using the Constrain Satisfaction Programming (CSP) model (6). The purpose of the CSP model is to solve a scheduling problem by minimizing and balancing the time of OR close. The constraints taken into account in the model were the following:
• A surgeon performed the set of his or her surgical cases in a sequential manner.
• All the OR staff (i.e., anesthesiologists, physicians, and nurses) were assigned to the OR just as the surgeon was. We suppose, for the OR-scheduling model as well as the computer simulation model, that the number of OR staff was always sufficient to perform a surgical case when this one is scheduled.
The details of the mathematical model are given in Appendix 1.
The computer simulation model of OR suite was performed with ARENA 5 simulation language. This model included all facilities of the OR suite: ORs, PACU, and OR staff (surgeons, anesthesiologists, physicians, nurses, nurse aides, and porters). This model allowed us to simulate the overall patient perioperative process. The different management rules of resources and staffs and the different pathways of the patient (i.e., ambulatory surgery or hospitalization) were taken into account. The different steps of the perioperative process were the following: transportation of the patient from his or her surgical ward bed or ambulatory unit to the OR suite, the surgical procedure including the anesthesia induction, the surgical preparation, the surgical procedure, the patient's PACU stay, and the transportation of the patient to his or her surgical ward bed or ambulatory unit. As for the surgical case durations, all these procedural times were calculated from the historical collection of data of the current OR over the previous 6 mo. The preparation time depends on the surgical case, the surgical specialty. A statistical analysis for each specialty over the previous 6 mo allowed us to calculate their average duration. We observed that the average durations of surgical preparation varied from 5 to 30 min. Clean-up duration depends on many factors, including surgical cases, the new equipment for the next surgical case, and the turnover of the surgical team. As for the preparation time, we have performed average duration per specialty. These mean durations per specialty are displayed in Table 2 . The mean duration of transport of patients was 15 min for 20% of surgical cases and for ambulatory surgical cases and 30 min otherwise. PACU lengths of stay are given in Table 3 . Situation 0 corresponded to the required length of stay in PACU estimated by the anesthesiologists and the OR manager. These estimations are in accordance with the results of a statistical analysis obtained from a 2-yr database of a French public hospital (9) . The authors concluded that the PACU length of stay was 46% of the total length of anesthesia (9) . Situations 1 and 2 corresponded to an increase of PACU length of stay caused by medical complications or nonmedical causes (no ward bed available or PACU nurses admitting another patient). Additional assumptions included the absence of untoward events during the surgical procedures, a patient stay in the OR when no PACU bed was available, and a rule of priority for bed transport allowing the porter to anticipate the transfer of the next patient when half the time of the current case had elapsed.
Three scenarios were simulated on the number of PACU beds and the number of porters occupied. The first one considered an infinite number of porters and a large capacity of 30 PACU beds. The second examined the effect of a progressive limited number of available porters. The number of porters varied from 10, the average number found in the first scenario, to 6, the theoretical average number required if all the transports were evenly distributed over the day. Finally, the effect of an increasing PACU length of stay was tested on the number of PACU beds to be staffed. The different lengths of tested PACU stay are listed in a All durations are given in minutes. Table 3 . For the first two scenarios tested, only the Situation 0 of Table 3 was used. In addition, interactions between the two factors, namely the number of available porters and the duration of PACU stay, were examined. For all of these simulations, the daily resource hours of OR and PACU were 600 min (10 h 00 min) and 690 min (11 h 30 min), respectively. To accurately investigate the hourly evolution of the number of beds occupied in the PACU and the number of porters required, we simulated 100 different OR working days. The surgical cases for each day were different from all other days, and every assumption described in the previous section was considered.
Results
Simulations performed in this ideal context permitted 608 min (10 h 08 min) for OR suite duration and 702 min (11 h 12 min) for PACU duration. These results show the similarity between scheduled and simulated results. The difference between the two results was Ͻ2%.
The number of PACU beds required increased regularly from 8:00 am to 12:00 am, and then it decreased until 4:00 pm and remained fairly stable over the next hours (Fig. 2) . For porters, the number required was very large for the first hour of the workday because all ORs opened at 8:00 am and all patients were present in the surgical care unit or ambulatory unit. During the workday, the number of porters required decreased steadily, except for a slight peak at 1:00 pm.
Reducing the number of porters caused an increase in the number of PACU beds required, and an overuse of the PACU and sometimes the ORs (Table 4) . For a staff of eight porters, the average impact on the OR suite duration and on the PACU duration was a delay ranging from 20 to 40 min. The impact of decreasing the number of porters was mainly on the hourly number of PACU beds (Fig. 3) . Indeed, compared with infinite capacity results (Fig. 2) , 10 additional beds were required during a critical period ranging from 10:00 am to 1:00 pm. In addition, the eight porters were overloaded during the first 4 h of their workday.
Simulating a strategy including only six porters for the workday (Fig. 4) led to an increased dysfunction of the OR suite. The average impact on the OR suite duration and on the PACU duration was approximately a 1-hr delay. In this configuration, the porter staff was overloaded from 8:00 am until 3:00 pm. The overload of the PACU beds required was the consequence of the nonavailability of porters for patients discharging from the PACU. The PACU was therefore transformed into a storage area for the patients who needed to be transferred to their surgical care units. Consequently, a larger number of PACU beds were used during a greater part of the workday, and a saturation of all PACU beds occurred for the period ranging from 12:00 am until 1:00 pm. Table 4 . An increase in PACU length of stay had only a slight effect on the OR suite duration, even if the number of porters was decreased. Nevertheless, this behavior changed when all beds in the PACU were occupied. Indeed, in this situation, the patient waking duration was spent in the OR, and all surgical cases scheduled in this room were delayed. Moreover, the effect on the PACU duration was considerable. Figure 5 shows that increasing PACU length of stay had an impact on hourly bed requirement in the PACU.
Finally, for the last two situations, the evolution of the hourly use of the number of the PACU beds and porters was studied, whereas the number of porters was decreased, respectively. The simulation results for Situations 1 and 2 were very close to those obtained for Situation 0. The increase in the PACU bed requirement was proportional to the increase in the patients' length of stay in the PACU. Conversely, when the number of porters decreased, the beds required in PACU increased dramatically (the total capacity of the PACU required reached 20 beds and 30 beds for eight and six porters, respectively). If we compare Situation 0 with six porters and Situation 2 with an ideal number of porters, we note that the average length of stay in PACU for Situation 0 and Situation 2 is approximately 135 min. 
Discussion
The major finding of this study was the significant impact of the number of porters on the hourly use of number of PACU beds. Indeed, decreasing the number of porters brought about an increase in the number of PACU beds to be staffed. Moreover, according to our simulation, the porters seemed to play the role of "bottleneck" in the flow of patients in the operating process. The interest of using computer flow simulation for understanding and evaluating OR suite performance is two-fold (7, 10, 11) . First, flow simulation is based on a flow process model. The flow model should include all the main determinants of the simulated process, namely in the case of surgical process, the functioning of the OR suite, the most common decisions, activities and rules of management, and sharing resources. Second, the model we used was built on the basis of the specifications provided by all the participants of the OR suite. It is noteworthy that the model was developed using a number of assumptions that were supposed to be confirmed at all the times. In particular, in the model we used, some resources were considered unlimited (nurse staffing for example), and moreover, no unexpected event took place such as emergency surgery or unexpected delay in a surgical case.
In our study, simulation flow permits one to invalidate the theoretical static calculation of porters required in the OR suite. The simple division of the total duration of transports of all the patients in a day by the number of hours a porter works in a day gives a minimal number of porters required. This calculation does not take into account the dynamic behavior of the patient flow. The simulation is a way to include the effect of sharing resources, simultaneous need, and effect of random length of surgical case duration on the number of porters required.
The simulation with an infinite number of resources gave us quantitative information on the hourly number of beds occupied in the PACU and number of porters required. The hourly number of beds occupied in the PACU was Ͻ12 beds for 18 working ORs. Consequently, the ratio of PACU beds to OR rooms was less than one. This simulation result is not in line with the often accepted PACU beds-to-OR ratio, ranging from 1.5:1 to 2:1, provided in the scientific literature or by the various societies of anesthesiology (2, 3, 12) . Several explanations may account for this discrepancy. The first could be the running resource assumptions we used in the model. For example, transport assistance was available at once when requested in the PACU, or no unexpected event occurred during the surgical procedures. A second explanation could be the duration of the surgical cases we selected. Indeed, the shorter the surgical procedure was, the larger the PACU beds-to-OR ratio. The simulation confirms that the ratio is smaller when dealing with long surgical cases instead of dealing with short cases of ambulatory surgery. Moreover, our simulations were performed using absolute numbers of OR and PACU beds and not PACU beds-to-OR ratio. Extension of the results to facilities having different numbers of OR and PACU beds could require using the ratio instead of actual number. Recent studies present the nonmedical causes as the main causes of delay in patient discharge from PACU (13, 14) . Among them, the most common are: no assigned bed, busy PACU nurses, and no available porters. In our analysis, we have only considered the porters' availability effect. Concerning the delays caused by medical and nonmedical reasons for discharge into the PACU, we modeled them by increasing PACU length of stay in Situations 1 and 2.
With these assumptions, the simulation with a decreasing number of porters showed a major effect on the number of PACU beds occupied per hour. Decreasing the number of porters generated a delay in the patient's discharge and caused an increase in the number of PACU beds required. In this context, the PACU was used as an area where all patients to be transferred are stored. When the number of porters was insufficient, all the PACU beds were occupied, and therefore, some patients had to stay in the OR while recovering. In this case, the transport assistance limitation generated a bottleneck effect between the OR suite and medical floor wards causing a major dysfunction of the OR suite. Such lengthening of stay in the PACU has already been described in an observational study emphasizing that physical transport could be the main limiting factor of a PACU efficiency (9) .
In the third group of simulations (Figs. 2 and 5), we observed that the hourly number of beds in the PACU was more sensitive to the variation of the number of porters than to the variation of PACU length of stay. Indeed, the total number of beds required in the PACU was much more dependent on the number of porters than on the length of stay in the PACU. This points up the impact of number of porters on the resources required in the operating process. From a practical point of view, these findings suggest that when designing staff resources and organization, taking the number of PACU beds into consideration, it would be more relevant to search for an appropriate number of porters than to decrease the PACU length of stay. From an economical point of view, the reasoning could be at variance. Indeed, the economical balance consists of the PACU beds that need to be built, the monitors to be purchased, and the beds to be staffed with the appropriate PACU bed-to-nurse ratio on one hand and the number of porters on the other.
To conclude, this study highlights the interest of using computer flow simulation for determining the number of PACU beds in an OR multidisciplinary suite. It is a powerful tool when we design a new OR suite because it validates or invalidates estimates or recommendations. In our case, it allowed us to settle the choice between increasing the number of porters (six to eight) and decreasing the number of PACU beds (30 to 14). This analysis tool will be even more relevant when many resources are shared and a large number of tasks must be performed.
Appendix 1
The mathematical program used for planning and scheduling is described as follows: 
Equation (7) means that the OR scheduling for each operating room satisfies contamination constraints. ͕y i,j ϫ conta i Յ conta j ͉ ᭙(i,j) ʦ [1 to n], i j͖ (7) From these constraints, we perform an OR scheduling that minimizes either the time wasted by the surgeons (7) or the gap of OR end time to balance the workload on all the ORs (8) . The minimization of the unused time between every surgical case consists in reducing the OR attendance of the surgeon so that he can dedicate more time to other tasks such as inpatient or outpatient clinics.
If we want to minimize the surgeon time wasted, we can define: 
We modeled this planning and scheduling problem as a linear program in binary variables. We built this model with a CSP approach (6) with ILOG scheduler Cϩϩ library.
